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FOREWORD
The ACS SYMPOSIUM SERIES was founded in 1974 to provide a medium for publishing symposia quickly in book form. The format of the Series parallels that of the continuing ADVANCES IN CHEMISTRY SERIES except that in order to save time the papers are not typeset but are reproduced as they are submitted by the authors in camera-ready form. Papers are reviewed under the supervision of the Editors with the assistance of the Series Advisory Board and are selected to maintain the integrity of the symposia; however, verbatim reproductions of previously published papers are not accepted. Both reviews and reports of research are acceptable since symposia may embrace both types of presentation.
PREFACE C/OKE FORMATION is AN UNDESIRABLE SIDE EFFECT of many chemical
operations because it leads to costly decoking steps, reduced efficiency of operation, and increased rates of metal corrosion and erosion. There is, therefore, a tremendous incentive to minimize or at least better control coke deposition in numerous commercial units.
A symposium about coke formation on metal surfaces has been long overdue, so we were delighted when the Divisions of Petroleum Chemistry and of Industrial and Engineerin Society agreed to sponsor such a symposium. Our objective was to gather key experts from around the world to promote a valuable interchange of ideas. In addition, we hoped that the results could be published and made available to individuals who could not attend the symposium.
Ten of the papers included in this book were presented at the original symposium. In each case, the paper has been reviewed and, in several cases, been modified to include 1982 findings. Five papers were added to describe coking results that are considered highly important. Consequently, this book discusses recent investigations and the latest thinking on coke formation due to thermal and catalytic processes on metal surfaces.
In conclusion, we want to thank all who made possible the symposium and this subsequent publication: the Divisions of Petroleum Chemistry and of Industrial and Engineering Chemistry for their sponsorship; the authors without whom it could never exist; the reviewers; and finally those who worked behind the scenes. In this latter category are our two secretaries, Mrs. Phyllis Beck (West Lafayette) and Mrs. M. Evan (Linden) who as a result, were burdened with considerably more than their normal duties require. It is well known that the surface state of a metal can have catalyze the formatio hydrocarbon conversion process. In this work we have examined the effect of oxygen and steam pretreatments of iron surfaces on their ability to catalyze carbon filament formation during reaction of such surfaces with hydrocarbons. Pretreatment of iron in steam at 700°C resulted in the conversion of the metal to FeO, and this oxide was found to be a tremendously active catalyst for carbon filament growth when reacted with acetylene or ethane at 700°C.
On the other hand, the activity of Fe 2 O 3 , formed by reaction of iron with oxygen, was about the same as that of the metal when treated with these hydrocarbons. From this study it is concluded that the key to the high FeO activity is that it is a precursor for a high surface area Fe catalyst formed in situ. It was also found that Fe 3 C is not an active catalyst for carbon filament formation.
The accumulation of carbon on metal surfaces when heated in the presence of carbon containing gases is a serious problem encountered in a number of commercial processes. Although carbon appears to deposit on most surfaces there are some materials which are more vulnerable than others since they contain constituents which catalyze carbon formation. The highest catalytic activity is exhibited by the ferromagnetic metals and in particular, iron. Furthermore it is well known that the surface state of such metals can have a dramatic effect on their ability to catalyze the formation of carbon. 
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Of these three forms the least understood is amorphous carbon. Available evidence suggests that condensation and polymerization reactions play a major role in amorphous carbon formation. Although some hydrogen is removed during condensation, a significant amount remains in the deposit, but as the temperature is raised, dehydrogenation reactions reduce the hydrogen content to <1% (4). Although there does not appear to be any general method of preventing amorphous carbon accumulation on a surface, there is little doubt that such material would be readily removed by treatment in air at 500°C.
Filamentous carbo i produced b th catalyti decompositio of carbon containing gase the typical appearance o catalyst particle located at the tip of the filament, which during the reaction was carried away from the support surface by the growth process. Although it is not difficult to accept that such growths could occur on a supported metal catalyst system, where metal crystallites (0.5 to 5.0 nm diameter) are dispersed on nonmetallic oxide supports, it is hard to understand how the filaments are produced on bulk metal surfaces. This is an area which obviously requires a great deal of work and before solving the problem it will first be necessary to establish the criteria controlling the nucleation of small particles on metal surfaces.
A mechanism has been postulated to account for the growth of filamentous carbon produced from metal catalyzed decomposition of acetylene Ç5, _6).
This mechanism, which is outlined in the schematic diagram, Figure 2 , involves the diffusion of carbon through the catalyst particle from the hotter leading face, on which exothermic decomposition of the hydrocarbon occurs, to the cooler trailing faces, at which carbon is deposited from solution. Excess carbon buildup occurs at the exposed particle face and is transported by surface diffusion around the peripheral surfaces of the particle to form an outer skin on the filament. If filament skin formation is slow because surface diffusion of carbon is slow, the available catalyst surface for sorption and decomposition of hydrocarbon decreases; the temperature gradient and the carbon diffusion rate are both reduced slowing the growth rate.
Eventually growth ceases when the leading face is covered by a layer of carbon, preventing further hydrocarbon decomposition.
The postulate that diffusion of carbon through the particle is the rate-controlling step in the process is supported by measurements of the activation energy for filament growth, which correlate with those for diffusion of carbon through the corresponding metals, Table 1 . A major criticism of this mechanism being accepted as a general explanation for the filament growth process is that it fails to account for filaments produced by pyrolysis of methane, an endothermic decomposition (7). In Coke Formation on Metal Surfaces; Albright, L., et al.;
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Other mechanisms have been proposed for filamentous carbon growth, and other filament structures have been observed. One of the most common variations in the basic filament type is the spiral conformation, examples of which are shown in Figure 3 . Boehm (8) has put forward an interesting approach to account for growth of spiral filaments produced during the iron-catalyzed disproportionation of carbon monoxide, which is shown schematically in Figure 4 . He suggests that spirals occur when the diffusion path length in the catalyst particle varies; this is probably true, but spirals will also form if the variation of diffusion path length is not symmetrical about the axis of symmetry of the particle.
Two situations where this condition would arise are (a) if the catalyst particle is not symmetrical, or (b) if the particle is symmetrical but the flux of carbon atoms is between non-parallel faces Then provided th particl maintains its shape, th A further modificatio growt proces with filaments which are formed by an extrusion mode. In this case, filaments do not grow from a free particle but from a particle which remains attached to the support surface. This situation probably arises from a strong interaction between the metal particle and the support. A mechanism was proposed by Baker and Waite (9) for the extrusion filaments produced from the FePt/C 2 H2 system depicted schematically in Figure 5 .
In this system, Pt was believed to segregate to the particle surface and form an apron around a core of Fe. It was assumed that, under the prevailing reaction conditions, decomposition of acetylene occurred predominantly on the Pt-rich region of the particle. They suggested that transport of carbon through the catalyst took place by a consecutive process: rapid diffusion through Pt followed by slower diffusion through the Fe component to be precipitated on the upper surface of the particle as a filament.
In a recent study, Baker and Chludzinski (10) used the basis of this proposed mechanism to develop methods of inhibiting the growth of filamentous carbon.
The approach was aimed at the introduction of additives into the metal catalyst particles, which had the potential of reducing the rate of the critical steps involved in the growth process i.e., carbon solubility or carbon diffusion through the catalyst particle.
Among several additives investigated, silica was the most effective as it reduced the rates of both of these processes.
The graphite platelet deposit is formed indirectly, at the expense of the other two deposit forms and also requires the participation of a metal catalyst.
It has been found that if the temperature of a metal foil, coated with carbon deposit, is raised to about 1000°C, a significant fraction of the carbon is taken into solution by the metal. On subsequent cooling this carbon is precipitated as highly crystalline graphite, underlaying excess amorphous and filamentous material remaining on the surface. This platelet deposit is the most oxidation resistant of the three 
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forms of carbon described here and it is unlikely that it would be all removed during a commercial decoking operation. If, however, oxygen can gain access to the graphite/metal interface, then the latter may function as a catalyst for carbon gasification and enhance carbon removal. Figure 6 is a hypothetical plot showing the relative rates of formation of the three types of carbon as a function of reaction temperature and provides an indication of the typical composition of the carbonaceous deposit produced on a metal surface when exposed to a hydrocarbon environment at a given temperature.
One of the most useful tools available for characterizing carbonaceous deposits is controlled atmosphere electron microscopy (CAEM) (11). This technique enables one to follow the changes taking place in a solid while it is undergoing reaction with a gaseous environment at elevated temperatures Capitalizin th different oxidation characteristic it is possible to selectively until only a metal residue remains.
In this way an overall picture can be built-up of which components were present in the original coke deposit and in some cases gain an insight into the mechanism of its formation.
In the present investigation a variety of in situ techniques, including CAEM, have been used along with the more conventional bulk approaches to compare the catalytic reactivity of Fe, FeO and ?&2®3 precursors for the formation of filamentous carbon from ethane and acetylene.
Experimental
Controlled Atmosphere Transmission Electron Microscopy. Details of the CAEM technique are already well documented(ll), so only a brief description will be given here.
The key design feature is the ability to operate at relatively high gas pressure in the specimen region while maintaining very low pressure in the rest of the microscope. This condition is attained by the incorporation of a gas-reaction stage into a JEM-120 transmission electron microscope. With this arrangement it is possible to contain gas in the vicinity of the specimen at pressures up to 400 Torr and also heat the specimen at temperatures up to 1300PC. Part of the transmission image passes through a hole in the standard viewing screen and impinges on a high sensitivity phosphor screen. The image is focussed onto a "Plumbicon" television camera located outside the vacuum chamber. The output from the camera is displayed on a TV monitor and simultaneously recorded on video tape.
This facility provides immediate recall of information and the provision of making permanent records on 16 mm cine film.
The technique not only provides a qualitative picture of the changes in appearance of the specimen undergoing reaction, but in many cases it is possible to perform detailed kinetic analysis on such sequences. Unfortunately the modifications which have to be made to the microscope to accomodate the gas-reaction stage and the presence of a gas limit the resolving power of the instrument to 2.5 nm. Single crystal graphite obtained from Ticonderoga, New York State, was used as the support medium of the reactions studied in this investigation.
CARBON TYPES AS A FUNCTION OF TEMPERATURE TEMPERATURE: °C
The crystals were released from the pyroxene mineral in which they were embedded by the method described by Hennig (12). They were first cleaved between glass slides coated with 'Britfix' polystyrene cement, and then released and washed with acetone. The crystals were mounted on glass slides with aqueous polyvinyl-pyrrolidone (PVP) adhesive.
The PVP was allowed to dry and the crystals further cleaved with "Scotch" tape. Successive layers were removed until an optically transparent portion of the crystal remained affixed to the slide Such crystals were good electro crystals were released fro and picked up on the microscope specimen heater ribbons and dried.
Specimens were prepared according to two procedures. In the first, particles of bulk FeO derived from the macro-scale experiments and Fe^C, which was prepared as a powder, were separately deposited onto transmission sections of single crystal graphite substrates by a dusting technique.
In the second method iron was deposited as a thin film on graphite from a spectrographically pure wire, at a residual pressure of 5 χ 10" Torr from a heated tungsten filament. The desired starting state of the iron was obtained by (a) nucleating in hydrogen at 675°C to ensure iron was in the completely reduced state, or (b) treatment in 5 Torr oxygen at 600°c for 1 hour to form Fe 2 03« All specimens were subsequently reacted in 2 Torr acetylene.
In a separate set of experiments carbonaceous deposits produced in the macro-scale studies were characterized by oxidizing the materials under controlled conditions in the CAEM. These samples were made by sprinkling loose fragments of the deposit onto the transmission specimens of graphite. Every effort was made to prevent the introduction of any foreign matter into the samples.
Mossbauer Spectroscopy.
The Mossbauer spectroscopy cell used in this work was constructed with 131 Teflon-coated Kapton (Dupont) windows which allowed for transmission by γ-rays. Constant acceleration spectra were obtained with an Austin Science Associates, Inc. S-600 Mossbauer spectrometer equipped with an electromagnetic Doppler velocity motor. The source was 50 m Ci of "^Co diffused into a palladium matrix, and it was obtained from New England Nuclear, Inc.
The pulses from the proportional counter detector (Reuter Stokes) were amplified, shaped and gated using Austin Science Associates electronics.
These shaped pulses were then sent to a Tracor Northern NS-900 multichannel analyzer.
The MCA was interfaced directly to a PDP-11 mini computer, greatly facilitating data storage and analysis.
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The sample was a 0.0127 mm thick iron foil, of 99.99% purity, cut into disks (2.5 cm diameter). Room temperature Mossbauer spectra were taken in the initial state, after treatment at 800°C for 30 minutes in 1 atm. argon saturated with water at room temperature, and finally after reaction in 1 atm. acetylene at 750°C for 0.5 minute. Velocities were calibrated using the known Mossbauer parameters of metallic iron at 25°C, and zero velocity is with respect to this standard absorber.
Macro-Scale Experiments. For studying filamentous carbon formation on a macro-scale, the following apparatus was used.
The reactor was a fused silica tube (2.54cm in diameter) which was 90cm long and externally heated via a three zone furnace, which was 61cm long overall.
The center zone was 46cm long and it could be held at a set temperatur 1°C The metallic iron use of a foil, 0.013 cm thic and had a stated purity o 99.99 (Materials Research Corp., Orangeburg, NY).
The foil was cut into pieces 3 cm χ 0.6 cm.
Before each experiment the metal foils were cleaned according to the following procedure: initial immersion in 190 proof ethyl alcohol, treatment in toluene, then ethyl alcohol again, washing in boiling distilled water, and then ethyl alcohol, and finally drying in air.
Well-defined samples of FeO were prepared by treating the iron foils with steam at temperatures above 700°C. Identification of the oxide was accomplished using Mossbauer and Auger electron spectroscopies, and x-ray diffraction techniques. Auger spectra of the foils were obtained using a Physical Electronics Model 549 combination ESCA-Auger Spectrometer. Spectra were taken using a 5KV primary beam voltage and the relative atomic concentrations of Fe and 0 were obtained by measuring the peaks at 703eV for Fe, and at 503eV for 0.
The procedure outlined in reference (13) was followed for calculating the quantitative compositions of these two elements.
As most Auger electrons have energies below 1000eV(14), their escape depth is small, usually less than 5 nm, which has the consequence that the Auger spectrum is an average composition of the surface of the sample down to this depth. Nevertheless, the spectral information is obtained mainly from the first 2 or 3 layers of the sample.
Data collected in this manner showed that for depths down to 600 nm the composition was in the range FeOQ to Fe Oo.92 e ^ t v Pi c a l spectrum is shown in Figure 7 , which was obtained after 25 minute argon ion sputtering, at a depth of 325 nm.
Apart from a small peak due to embedded Ar atoms, the only peaks other than Fe and 0, are very small peaks of Si and C.
This particular sample had a composition of Fe0 o.92* Other portions of these samples were ground to a powder and examined by conventional x-ray diffraction techniques, which showed only peaks due to FeO.
The ?&2®3 use( * in tn^s w ork was initially in the form of a powder, stated purity 99.8% (Fischer Scientific Co.) and was pressed into self-supporting wafers, 2.5 cm in diameter.
After the specimens were loaded into the furnace tube, they were heated in N 2 to 700°C, prior to introduction of ethane. With the tube still maintained at 700°C, ethane was admitted at a flow rate of 94 cm /miη and the reaction allowed to continue for periods of between 1.0 to 6.0 hours.
The weight of deposited carbon was determined by difference of the starting and final specimen weights.
In addition, the chemical state of iron in the FeO and Fe^^ precursors was determined by room temperature Mossbauer spectroscopy after 2.Oh of reaction in ethane at 700°C.
RESULTS
Controlled
Atmospher initial experiments micro-sized pieces of FeO, supported on graphite, were heated directly in 2 Torr acetylene. At 500°C the first signs of a change in the profile of the oxide were detected and this became more rapid at 575°C as filaments started to appear from the edges.
These filaments, which ranged from 2.5 to 5 nm in width and up to 5000 nm in length, grew by rapid extrusion, with the catalyst particle remaining embedded in the FeO mass. As the temperature was gradually raised filamentous growth became more prolific and the vehemence of the reaction often resulted in rupture and fragmentation of the FeO sections into smaller particles, which resulted in the exposure of further active regions. Experiments were terminated at 800°C as the amount of deposit was so heavy that it was impossible to discern the growth of individual filaments.
In a second series of experiments, an evaporated iron film on graphite was heated in 1.0 Torr H 2 at 675°C for 1 hour to ensure complete reduction to the metallic state.
After evacuation of the H 2 , and cooling to room temperature, acetylene was introduced at a pressure of 2.0 Torr. Upon subsequent reheating, filaments were observed at 615°C. These filaments all grew by the commonly observed mode; i.e. the catalyst particle responsible for the growth remained at the head of a filament so that during the growth process it was carried away from the support. In this case there was a significantly wider size range of filaments compared to those formed on FeO, being 2.5 to 50 nm at 650°C. Although the number and size of filaments increased as the temperature was slowly raised to 825°C, it was quite apparent that the number of filaments formed in this system was far less than that produced from the interaction of FeO with acetylene.
The remainder of the specimens were pretreated in 5 Torr 0 2 at 600°C for 1 hour, conditions where the metal is expected to form Fe 2 0g. When these specimens were exposed to 2 Torr acetylene, filamentous carbon formation was not detected until 700°C. Even at this temperature, reaction was restricted to only
